THE CONGENITAL chromosomal syndromes are those in which an implied, but unproved, causal relationship exists between microscopically detectable chromosomal aberrations and congenital malformations and biochemical abnormalities. Precise pathogenetic mechanisms giving rise to these congenital defects are unknown, but it is probable that they ultimately derive from the quantitative imbalance imposed by the absence (monosomy) or added presence (trisomy) of either entire chromosomes or fragments thereof.' To date, more than 50 abnormal chromosomal patterns (karyotypes) have been recorded, but the majority may be classified as karyotypic variants of six prototype chromosomal syndromes. These include Turner's gonadal dysgenesis (monosomy XO), Jacob's "superfemale" (triplo-X), Klinefelter's tubular dysgenesis (XXY), Patau's D,-trisomy (group 13-15), Edward's El-trisomy (group [16] [17] [18] , and mongolism or Gl-trisomy (group [21] [22] .
Characteristically, central nervous system disturbances, soft tissue defects, and cardiac malformations occur in most cases of autosomal trisomy. Similar defects may also occur in certain of the sex-chromosomal syndromes, particularly Turner's syndrome and variants thereof. In the El-trisomy syndrome, heart defects are twice as common as in the maternal rubella malformation complex.2 Moreover, evidence has been presented that sug-gests chromosomal abnormalities may produce subtle, isolated defects of single tissues such as the cardiac septum. 3 4 Nonetheless, few studies have been made of the chromosomal constitution of individuals with cardiovascular disorders.3 6 The present study was undertaken in order to characterize better the role played by chromosomal aberrations in the development of congenital and acquired cardiovascular diseases. The chromosomal constitutions, cardiovascular disturbances, and other data on 68 subjects in this study are presented in the tables. Representative karyotypes of four cases are shown and a discussion is given of the cytogenetic literature which concerns the association of cardiac defects and chromosomal aberrations.
Methods Patient Selection and Clinical Studies
During a 2-year period ending June 30, 1964 , cytogenetic studies were completed on a selected group of 250 subjects, of whom 68 (27%) were found to have one or more cardiovascular disorders. Special efforts were made to study congenital malformations in the newborn and pediatric age groups, ovarian and testicular dysgeneses, and certain mental, neurological, abiotrophic, and cardiac disorders. Solicitation was made for syndromes known to have a high incidence of cardiovascular abnormalities and for patients in whom specific cardiac diagnoses were either proved or considered highly probable. Many of the patients with congenital heart disease had had diagnostic cardiac studies or open-heart surgery. Autopsy findings were available on five patients; on others the diagnoses were based on physical findings, medical history, or special diagnostic tests.
Specific inquiry was made of parental ages, sibship data, and the mother's health during pregnancy. All but six patients were personally examined by the author, and in many numerous noncardiac defects were observed which had not been entered into the medical records. MajorCHROMOSOMES IN HEART DISEASE Sex-Chromatin Studies Sex-chromatin assays were done on buccal smears obtained from both cheeks.8 At least two slides from each cheek were scored separately under the oil-immersion lens, and the average number of clearly visible sex-chromatin bodies adjacent to the nuclear membrane was recorded in 100 to 200 nonpyknotic cells.
Chromosome Preparations
Chromosomal analyses were made on cultured peripheral blood mononuclear cells with use of a technique which departs slightly from the Nowell modification of the air-dry method introduced by Rothfels and Siminovitch.9 Briefly, this procedure consists of allowing 5 to 10 ml of freshly drawn heparinized blood to sediment at room temperature for 1 hour in a nearly upright syringe, permitting the erythrocyte-free plasma containing suspended leukocytes to be ejected through a bent needle directly into sterile culture flasks. Each flask contained 6 ml of TC-199 media (Hyland) to which had been added 0.05 ml of freshly diluted Bacto-Phytohemagglutinin Type P (Difco), a potent mitogenic agent required for the induction of adequate mitoses in peripheral blood lymphoctyes. Colcemide in a final concentration of 1.5 by 10-8 M was added after incubation at 37.5 C for 68 to 72 hours, and harvesting was begun 5 hours later. After centrifugation and decantation, the cell button was treated with hypotonic saline and then fixed in methanolacetic acid (3:1, v/v The age, sex, chromosomal constitution, blood groups, cardiovascular disturbances, and other data are provided in these tables. The major dermatoglyphic characteristics have been summarized in table 5. In addition, the associated noncardiac defects and birth data for patients in groups I, II, and III have been recorded in Appendices which will be made available upon request to the author.
Group I (Table 1) The 11 patients in group I are representative of the clinical syndromes associated with simple or partial autosomal trisomies in the chromosome groups C, D, E, and G. Eight patients had simple trisomy; their cells had a modal chromosome count of 47. In three patients, structural aberrations of the chromosomes were present; their cells had 46 chromosomes. In this latter group was one patient with a "fusion" translocation (long-arm G/D, case 203), one with either an insertion or reciprocal translocation (long-arm E/E, case 120),10 and one with a half-translocation product of the duplication-deficiency type (partial long-arm C/C, case 202). The chromosome in the last patient resulted from an unequal reciprocal translocation between chromosomes 6 and 9, and both products of the translocation were observed in the genetically "balanced" mother. ' Karyotype of a cultured lymphocyte from patient having the D1-syndrome (case 44, Japanese, and all other parents were Caucasian. The average maternal age for the eight patients with simple trisomy was 31 years and that for the three with chromosomal translocation was 27 years. Average maternal age of the entire group was 30 years and varied from 16 to 43 years; average paternal age was 35 years. Consanguinity was recorded once (Gi-trisomy, case 149). In all, the mothers of these patients had had 43 pregnancies which eventuated in two miscarriages (5%), 11 affected offspring (25%), and 30 normal children (70%). The pregnancies had been uneventful except that one mother reported having the "flu" during Circulation, Volume XXXIV, September 1966 Figure 3 Karyotype of a cultured lymphocyte from patient having the G1-syndrome (case 203, table 1). The modal chromosomal number was 46 and in all cells an abnormal group D (13-15) chromosome was observed. The GID chromosome is the larger product resulting from a whole-arm translocation of a trisomic 21 onto the centromeric region of a D chromosome. Giemsa's stain, original magnification, X 1,250. the first trimester (D1-trisomy, case 144) and another who had a spinal anesthetic in the second month of pregnancy (E1-trisomy, case 106). One mother had had radioactive-iodine therapy for hyperthyroidism 6 years prior to pregnancy (G1-trisomy, case 193). (case 179) had equal proportions of XXY and XY cells. Sex-chromatin bodies in these six patients were found in 20 to 35% of cells, and averaged 29%. Cardiac disturbances were arteriosclerotic heart disease in two cases, arteriosclerotic heart disease and rheumatic mitral stenosis in one, probable atrial septal defect in one, widened pulse pressure and an ejection systolic murmur in one, and cardiomegaly, ejection systolic murmur, and a dilated tortuous aorta in one.
All patients with Klinefelter's syndrome had eunuchoid stature, gynecomastia, and microorchidism. Their testes measured less than 2 cm in length. Four patients had other signs to have an atrial septal defect, pulmonary stenosis, and pulmonary hypertension. All patients with Turner's syndrome had primary amenorrhea, short or webbed neck, and infantile or masculinized genitalia. All except one were of short stature. The exception (case 042) had been short but grew rapidly after the onset of acromegaly at age 20. An average of seven defects was observed in these four patients. Abnormalities found in two or more patients included cutaneous lesions, endocrinopathy, and bony abnormalities of the vertebrae and digits. One (case 042) had disturbances of the thyroid, pancreas, ovaries, and pituitary. The dermal patterns in two chromatin-positive cases were normal. In the chromatin-negative case an elevated digital ridge count, widened atd angles, and high placement of axial triradii were encountered.
Parental and sibship data were obtained for eight of ten cases in group II. Average maternal age was 27 years and the average paternal age was 30 years. A total of 59 pregnancies were recorded by the mothers of this group. The 10 propositi accounted for 17% of the births. The 49 siblings of the patients included 37 who were said to be normal, one with cryptorchidism, one with primary amenorrhea and diabetes, two with diabetes, one with hemophilia and arteriosclerosis, one dying from "heart trouble" at 38 years of age, and six in the same family dying before reaching adulthood from unknown causes. Five of 10 patients had married; all reported marital dissatisfaction and were sterile. (Table 3) The 34 patients in this group had normal modal chromosome counts of 46 and none had structural abnormalities of the chromosomes that could not be accounted for by either technical artifact, radiation-induced chromosomal breaks occurring subsequent to diagnostic roentgenographic examination, or the known heterologous differences which have been commonly observed in particular chromosomes.14 15 Age of this group ranged from less than 1 year to 46 years and aver- (Table 4) Five miscellaneous clinical syndromes are represented by the 13 patients in this group, and all 13 were found to have normal chromosome patterns. There were six females and seven males having an average age of 35 years. Three cases of Marfan's syndrome occurred in one family: these included a mother, her daughter, and granddaughter (cases 131, 132, and 130). In all six cases of Marfan's syndrome significant heart murmurs were observed. Cardiac diagnoses included mitral insufficiency and tortuous aorta in one case, mitral stenosis and carditis in one, atrial septal defect in one, and cardiac murmurs in three. The four patients with Klinefelter's syndrome in this group were chromatin-negative. Their clinical features included micro-orchidism in three, diabetes in two, eunuchoid stature in three, cryptorchidism in one, gynecomastia in three, and acromicria in two. Two had arteriosclerotic heart disease and congestive heart failure, one had mitral insufficiency and suspected endocarditis, and one had aortic dilatation, left ventricular hypertrophy, and probable myocarditis. The patient with probable Silver's syndrome (case 112) was 16 years Circulation, Volume XXXIV, September 1966 old; she had mental and sexual retardation and persistent and unexplained hypertension in the presence of hypothyroidism. One patient (case 161) had undiagnosed dwarfism and hypomenorrhea, and she is believed to have a variant of Turner's syndrome with entirely normal chromosomes.'7 Her cardiac conditions were cardiomegaly and congestive heart failure. Patient (no. 158) had pituitary hypogonadism and mitral insufficiency which was documented by cardiac catheterization.
Discussion
The first chromosomal aberration in man was reported in 1959,18 and the total number of different karyotypes associated with clinical disorders already exceeds 50. The magnitude of the genetic mutational load which likely originates on a chromosomal basis is not accurately known. However, combining some of the reported incidences obtained from sex-chromatin surveys (capable of detecting only certain sex-chromosome abnormalities) with the incidence given for mongolism (G1-trisomy) and the derived frequency ratio for the other autosomal trisomies, it is probable that the congenital chromosomal syndromes already described will account for no less than 0. 8 In the Dl-trisomy syndrome, heart defects were reported in 14 of 17 cases (82%). The usual lesion is ventricular septal defect (38%) in combination with dextroversion or dextrocardia (31%). Atrial septal defects were present in 29%. The Di-trisomy syndrome is considerably less common than the El-syndrome; some 20 cases have been described. Two of seven cases studied by our laboratory are included in group I. Many clinical features of the El-and Di-syndromes overlap, but the usual presence of ocular defects (microphthalmia, colobomata, and ptosis), midline facial defects (cleft lip and cleft palate), and the frequent occurrence of polydactyly serve to distinguish the Di-trisomy cases. '2 23 Heart Disease and Sex-Chromosomal Aberrations
Of the various sex-chromosomal syndromes, congenital cardiovascular disease is most common in the Turner syndrome, being recorded in 20 to 44% of cases.5 Coarctation of the aorta is the characteristic lesion in the chromatinnegative cases, while pulmonary stenosis, with or without atrial septal defect, is especially common in the chromatin-positive (XO/XX mosaics) types. Two infants with the XO syndrome reported by Conen and Glass24 had webbing of the neck, aortic atresia, and endocardial fibroelastosis.24 Two of the four patients whose cases are reported herein had congenital heart disease and two others had arteriosclerotic heart disease. It is suggested that degenerative vascular changes may prove to be common in older patients with Turner's syndrome, especially those in whom early hormonal replacement therapy was not provided. Their susceptibility could be based on estrogen deficiency and lipid disturbance, and associated diabetes and hypothyroidism may be additional factors. The cardiac status in Klinefelter's syndrome has received little attention. Overzier25 mentioned that congenital heart disease was described in a dissertation by P. Bohni, Zurich, but no details are provided. Of the six cases reported herein, only one was given a diagnosis of congenital heart disease. In two there were abnormal cardiac findings, but the etiological type of heart lesion remained unknown, and in one of three patients with arteriosclerosis, mitral stenosis was also present. It is difficult to assess the true incidence of cardiovascular disease in Klinefelter's syndrome since the majority are not admitted for treatment of hypogonadism. In a series of 13 chromatin-positive patients studied by our laboratory, the average age at time of diagnosis was 41 years. Only two were admitted for endocrinopathic reasons; three were admitted for treatment of congestive heart failure. Nonetheless, they are subject to the usual variety of cardiovascular disorders, and the data indicate that acquired or abiotrophic disorders are more frequent than congenital cardiac defects. In some, diabetes, hypothyroidism, and obesity may promote vascular degeneration, but specific search should be made for factors which impart peculiar susceptibilities apart from those mentioned. Enhanced susceptibilities appear to account for the high incidence of chronic pulmonary disease in chromatin-positive Klinefelter's syndrome. In a recent review, 10 of 29 cases (34%) had either asthma, chronic bronchitis, bronchiectasis, or pulmonary emphysema.'3 It is expected that some will develop cor pulmonale, but thus far this has not been reported.
Heart Disease in Miscellaneous Clinical Syndromes
No chromosomal abnormalities were found in patients of group IV who had a variety of cardiovascular disorders. Specifically, the chromosomes in six cases of Marfan's syndrome were judged to be normal. However, morphological peculiarities have been described in this disorder. Tjio and associates26 observed large satellites on one chromosome in two of three patients with Marfan's syndrome. In one patient this occurred on chromosome 13; in the other, on chromosome 22 [19] [20] . He ascribed this to a probable "partial deletion of a small segment of the long arm," and stated that irregular chromosomal condensation "was less likely." The heart cases included four of atrial septal defects, two of atrial and ventricular septal defects, one of G-trisomy, one of ventricular septal defect, and one of an unknown heart lesion. He did not observe this chromosomal aberration of pair 16 in three cases of atrial septal defect, four of ventricular septal defect, two of patent ductus arteriosus, and three of heart disease of unknown type. Makino concluded that "this unusual condition is almost certainly associated with the etiological cause of heart defects in man."
It is premature, however, to accept Makino's hypothesis until more studies have been made of both normal patients and those with heart defects. Peculiarities of particular chromosomes were often noted in the karyotyped cells of patients in groups III and IV, but in no instances were these peculiarities believed to be characteristic aberrations that could be confidently linked to the origin of cardiovascular malformation. It has been previously reported that the "karyotypes of presumably normal patients often -show considerable variations in size of members of a pair and in the expected relative lengths of the pairs themselves."2 It was also noted that "the kinetochore position, determined by the ratio of the short arm to total length, was rarely affected, though increasingly more difficult to determine on smaller chromosomes." In some instances these departures from normal suggested individual or inherited characteristics; in others the variability indicated a likely technical artifact. Chromosomal and chromatid breaks were observed in some cells from patients having prior diagnostic roentgenographic studies. This was especially true of those patients whose multiple congenital anomalies and heart defects necessitated an extensive radiological examination.
Other cytogeneticists have described chromosomal variation and provided special mention of the morphological peculiarities of the Y chromosome and pair 16. The length of the Y chromosome has been shown to be a probable heritable feature, and it is unlikely that any major developmental anomalies will be attributable to long Y chromosomes. Eberle and Beuren6 studied the chromosomes of three patients with supravalvular aortic stenosis and commented that the male patient, found to have an undescended testis, also had a shorter than normal Y chromosome. Hauschka and associates29 reported a fertile male without serious defects who had two Y chromosomes. The differences in size between homologous metaphase autosomes in healthy individuals can probably be ascribed to the different phases of condensation and spiralization.'5 Jacobs and associates'4 reported that the characteristic peculiarity in pair 16 "is for one homologue to be larger than the other and to have a different arm ratio." They also suggested that some of the reported associations between minor chromosomal abnormalities and pathological states may be fortuitous.
Additional Genetic Data
Significance of the abnormal blood group distribution in the group I patients with autosomal aberrations is uncertain, but it indicates an area for further study. Blood group distributions were normal in patients of groups II to IV, including the subgroup with multiple associated anomalies.
The average maternal age was 30 years in group I patients, 27 in group II, and 24 in group III. Older paternal ages in these groups merely reflect the known tendency for women to marry men who are about 5 years older than themselves. Advanced maternal age, first observed in mongolism, is also characteristic of the D-and E-trisomy syndromes; it is less evident, however, in the sex-chromosomal syndromes. It has been postulated that advanced maternal age leads to an over-aging of the ovum which predisposes to chromosomal nondisjunction. Maternal age does not appear to be a significant factor in the production of chromosomal translocations, except rarely.
The average number of defects per patient was 20 in group I, nine in group II, and seven in group III (the subgroup having multiple associated defects). Interestingly, there was considerable overlap in the type of associated defects in all four groups. Further studies are being made toward characterization of particular patterns of anomalies in order to provide a better means of distinguishing clinically between those patients with chromosomal aberrations and those having normal chromosomes.
Recently, dermatoglyphic analyses were shown to be of diagnostic value in the differentiation of the chromosomal syndromes.7 Palmar and digital analyses on the patients reported herein confirmed the usefulness of these data in instances of ordinary trisomy, but the characteristic dermal patterns were not observed in the cases of chromosomal translocations. The major dermatoglyphic patterns have been summarized in table 5 . Simian creases were usually found in the autosomal syndromes, often in Turner's syndrome, and infrequently in patients with isolated congenital heart disease. Short fifth fingers with single creases were found in the autosomal disorders. In Turner's syndrome, the fifth fingers were often short, but single flexion creases were not seen. Simple arch patterns or ulnar loops with extremely low ridge counts were characteristic of both El-trisomy and the Klinefelter syndrome, and have been reported only once in a case of D,-trisomy.12 An elevated digital ridge count, commonly present in Circulation, Volume XXXIV, September 1966 Turner's syndrome,30 was also noted in the affected child having the C/C translocation chromosome. Distal axial triradii and associated wide atd angles were commonly observed in the Di and G, trisomics, Turner's syndrome, and not infrequently in patients with congenital heart defects, particularly those with multiple associated anomalies. Conclusions At present the etiology of most cases of congenital heart disease remains unexplained.3' The findings of normal maternal ages, fewer associated anomalies, and normal chromosomal patterns have only excluded visible chromosomal aberrations as the cause of these usual heart malformations. The same observations, however, are entirely in keeping with their origin from various types of structural heterozygosity which may arise from reciprocal translocation, insertion, deletion, or duplication. Carleton and associates32 tentatively concluded that the most likely etiologic factor in familial types of congenital heart disease is a single, recessive, autosomal gene.
The consistency with which the identical cardiac malformation occurs in cases of familial congenital heart disease appears to argue more strongly for a genetic (mutational) origin than for an environmental one. On the other hand, it is also possible for genetic and environmental factors to produce similar somatic defects via altered biochemical pathways. 33 Although chromosomal aberrations have been reported in patients with isolated congenital heart disease, it now appears evident that the recorded chromosomal abnormalities were more probably simply chracateristic peculiarities of particular chromosomes which had only fortuituous association with pathological states.
